University and early career experience
Os acquired his first MB in 1952 and then undertook an intercalated BSc in physiology (1954) (1955) ; he qualified MBBS Lond in 1958. In the physiology department at St Thomas' Hospital Medical School, under Henry Barcroft (FRS 1953) and Maureen Young, he became interested in perinatal science and in blood gas measurement; there he heard of Ian Donald's early attempts at mechanical ventilation in the newborn (Donald 1957) . He joined the medical unit under Peter Sharpey-Shafer. Here he was clearly inspired by the ethos which held that there was no such thing in medicine as accepted wisdom and that interventions should be based on a knowledge of the basic mechanisms of an illness and on properly tested therapy. These precepts held throughout his medical career. After qualification, Os encountered respiratory disorders requiring mechanical ventilation; Steve Semple taught him how to operate ventilators and to take samples of arterial blood for measurement of blood oxygen and carbon dioxide tensions (figure 1).
Os got into paediatrics by chance, being appointed as paediatric house physician at St Thomas'. During an epidemic of bronchiolitis, he miniaturized the techniques for blood gas analysis in order to study these infants (1)*. In 1963, on the strength of the studies on bronchiolitis, he was offered a Research Fellowship at Harvard, working in Dav Cook's laboratory at the Children's Hospital Medical Center, to study the mechanics of breathing in bronchiolitis-affected children and to use a new oscillation technique in managing them in collaboration with Jere Mead and Mel Avery. Mel had shown in 1959 that the hyaline membrane disease (HMD) of preterm babies resulted from surfactant deficiency in their lungs (Avery 2000) .
In an animal model of HMD, it was shown that the illness developed spontaneously in very preterm lambs. In more mature lambs, it appeared to follow an asphyxial insult, much as seemed to occur in human newborns (3). In 1964, Os moved with Dav Cook to Yale, where he encountered the use of O 2 and CO 2 electrodes and learnt to measure pulmonary surfactant using the Wilhelmy balance (Cook & Cochram 1964) (4) .
Although offered a number of jobs in the USA, following a confrontation with a traffic cop who took out a gun, Os, who was a strong supporter of the NHS, decided with his wife, Margaret, that this was not the place they wished to raise their family and they returned to the United Kingdom.
University College Hospital Medical School
On his return in 1964, Os was offered a position in the academic department of paediatrics at University College Hospital (UCH) Medical School as research assistant on a Medical Research Council grant, under L. B. Strang. In Strang's department, studies were undertaken on the mechanism of foetal lung liquid secretion, on its absorption at birth and on lung permeability (2).
In parallel with his lamb studies, Os was involved in clinical duties on the neonatal unit. It occurred to him that massive pulmonary haemorrhage of the newborn might be a haemorrhagic pulmonary oedema rather than related to coagulation disorders in the newborn; this was subsequently shown to be the case (9).
Neonatal intensive care and mechanical ventilation
In the 1960s, neonatal care delivery was in its infancy and few babies survived attempts at mechanical ventilation anywhere in the world. With his background of involvement in ventilating newborn lambs, ventilating adults and measuring their blood gases, Os was in an ideal position to investigate the possibility of ventilating newborn infants with respiratory failure. By 1966, facilities were in place to achieve this. The unit's experience of ventilating 40 such infants was published in 1968 (5); overall survival was 30%. Babies developing HMD, but who were able to continue breathing for their first 24 hours of life, tended to do well; those whose breathing failed sooner usually died.
Pathological studies on babies dying with severe HMD revealed that early deaths were generally associated with cerebral haemorrhage; later deaths were occurring from pulmonary fibrosis-bronchopulmonary dysplasia (BPD). Os demonstrated that surfactant was present in the lungs of these babies; BPD was therefore not being caused by persisting surfactant deficiency. Further pathological studies revealed that BPD was associated with the use of high peak airway pressures, necessary at the time to maintain adequate arterial oxygen tensions in the presence of very stiff lungs. Oxygen toxicity from the use of high inspired oxygen percentages was considered to be a subsidiary cause (13) .
The challenge was to find a way of ventilating the stiff, initially surfactant deficient lungs to allow time for surfactant recovery without initiating the processes leading to BPD. Here Os's earlier experience of ventilating newborn lambs with deficiencies of the pulmonary surfactants enabled him to apply these techniques to newborn humans with similar surfactant deficiencies. Preventing alveolar collapse had been best achieved by prolonging the inspiratory phase of the ventilator and utilizing a brief expiratory phase. Applying some positive pressure during the expiratory phase, so long as it was not too high, was also shown to be beneficial.
In 1969, utilizing a modified Bennett PR2 ventilator to produce a plateau inspiratory pressure (a 'square wave') at a slow respiratory rate (30/minute), it was found that by increasing the inspiratory:expiratory ratio (I:E ratio), arterial oxygen tension (PaO 2 ) increased markedly due to a reduction in the right to left shunt without compromising arterial blood pressure or arterial carbon dioxide tension (PaCO 2 ) (figure 2).
The PaO 2 and PaCO 2 could be manipulated independently of one another by defined alterations of the ventilator settings. Many hours were spent at the cot-side estimating the inspiratory times and reducing the I:E ratio when the surfactant production in the lungs began to increase with improvement in lung compliance. The I:E ratio had to be reduced and eventually reversed as the baby's lungs improved-a critical phase in the disease that could easily result in overdistension of the lungs. Overdistension could contribute to the occurrence of pneumothoraces and also have significant circulatory effects if ventilator changes were not made sufficiently quickly. Using this technique (prolongation of the I:E ratio) it was possible to avoid high peak airway pressures and the high inspired oxygen concentrations that had proved to be so damaging previously (6, 8).
Following a Canadian study published by Llewellyn et al. (1970) , Os demonstrated that increasing the end-expiratory pressure was synergistic with prolonging the inspiratory time on PaO 2 , oxygenation being shown to be proportional to mean airway pressure in the acute phase of HMD. However, the utility of increasing the end-expiratory pressure was limited by its effects on PaCO 2 by reducing alveolar ventilation.
A comparison of results in the three-year periods 1967-1969 and 1970-1973 , in collaboration with A. Taghizadeh of the Department of Morbid Anatomy, demonstrated a fourfold increase in the chance of survival of severely affected infants with a marked reduction in the incidence of BPD. Mean peak airway pressure, respiratory rate and inspired oxygen concentrations were all lower in the second period through adoption of the new ventilatory technique (11). Several ventilator manufacturers designed ventilators for newborn infants that were capable of delivering the prolonged inspiration square wave forms as the use of this technique spread worldwide.
The UCH method of ventilating preterm infants with HMD was widely used for several years before the introduction by Gregory in the USA of continuous positive airway pressure during spontaneous breathing (Gregory et al. 1971 ) and the later surfactant replacement therapies that reduced the need for mechanical ventilation for many babies.
A number of Os's initiatives at UCH presaged future developments in neonatal care and the establishment of neonatal nurse practitioners. The training of neonatal nurses to pass endotracheal tubes, initiate mechanical ventilation and carry out exchange transfusions for jaundice and rhesus disease became routine. The incorporation of a small ventilator on a transport incubator at UCH enabled apnoeic infants to be ventilated in transit (7) and underpinned the later development of a regional transport service for neonates requiring intensive care. In 1974 the three-year experience from ventilating 222 babies during transfer was published, showing a 50% survival rate (10) .
Collaboration with the Department of Medical Physics
A continuously recording umbilical catheter for recording PaO 2 in sick neonates was developed. The measuring devices created in collaboration with the Department of Medical Physics enabled babies to be monitored continuously with computerized recording (12) . Transcutaneous oxygen and carbon dioxide electrodes could be used for monitoring changes in these gases and novel devices for monitoring breathing and for detecting apnoea were introduced. These collaborations played a major role in the success and research undertaken within the Neonatal Unit at UCH.
Os encouraged individuals to develop their interests, including the development by Dr Jonathan Shaw of the delivery of parenteral nutrition to preterm newborns, studies by myself on the longitudinal changes in coagulation in the newborn and the lead by senior nurses in the introduction of unlimited visiting for parents and siblings together with the establishment of a bereavement clinic.
Os was concerned to establish follow-up studies so that ethical questions surrounding the survival of these preterm infants could be evidence-based. The introduction of intensive care for high risk newborns was not universally supported because the survivors of very low birthweight (VLBW) babies from the 1940s and 1950s had been noted to have a high prevalence of disability.
The potentially brain damaging insults, such as hypoxia, trauma, hypoglycaemia, hyperbilirubinaemia, hypotension, undernutrition and coagulation disturbances associated with preterm birth and infections, were considered by Os to be potentially easier to prevent and treat through a better understanding of the physiology than the assumed antenatal causes of later disabilities. The investigation of new interventions, together with measurement of the long-term outcomes, should be seen as an essential aspect of the care of these babies. A followup study was initiated in 1966 and has continued with MRI studies and further assessments in adolescence and beyond.
The early results led to the conclusion that previous reports had given a misleading impression of what could be achieved and should therefore not be allowed to influence attitudes to the care of low birthweight infants. These findings formed part of the basis for the regionally planned service for ill babies and their mothers. Although criticized for being a single centre observational study rather than a population study, Os always considered that, when beginning a programme of intensive care, it was important to be able to answer questions in regard to whether most of the survivors were progressing normally. The results from their early observations indicated the affirmative.
The perinatal brain: pathology and imaging
By the mid 1970s, although a large majority of the VLBW infants in the UCH follow-up study were progressing well, a minority of infants had disabilities such as cerebral palsy and defects in hearing and vision. New, non-invasive methods for studying the brain in vivo were required. Autopsies on VLBW infants had often revealed the presence of periventricular and intraventricular brain haemorrhages. Tentative evidence from studies by the UCH group indicated that the initiating factor might be increased cerebral capillary and venous pressure occurring at a vulnerable stage of brain development. A failure of haemostasis was excluded in the studies undertaken.
In 1976, the year Os attained his personal chair as professor of neonatal paediatrics, Jonathan Wigglesworth at the Hammersmith Hospital established that the usual site of bleeding was capillaries in the germinal matrix, and Steve Gould at UCH noted that obstruction to the terminal vein and venous infarction resulted in the spread of blood into the brain tissue. Os and collaborators went on to develop an animal model of periventricular haemorrhage (PVH) in the lamb. They were able to show that intermittent increases in cerebrovascular pressure combined with impaired gas exchange resulted in germinal layer haemorrhages (15). It was further shown that in some infants dying from BPD, periventricular leukomalacia, attributed to hypoxic-ischaemic damage, was common.
Following the demonstration by Lou Ann Papille in the USA in 1978 that periventricular haemorrhages could be detected using computed tomography (CT) scans in many of their surviving VLBW infants, it was shown at UCH that a good image of the brain could be achieved with ultrasound. The first attempts at ultrasound imaging in 1978 used a linear array machine. Os was joined by Karen Pape from Toronto; she compared ultrasound images during life with postmortem CT scans and was able to show that periventricular haemorrhages, hydrocephalus, cerebral oedema and loss of brain tissue in the periventricular regions could be reliably detected by ultrasound studies during life (14). By then, scans were obtained through the anterior fontanelle rather than from the side of the head; Richard Cooke in Rotterdam had found sector scanning to be preferable to linear array techniques and this method was later adopted (figure 3). By 1980, Os's team at UCH had shown that the median age at first ultrasound detection of PVH was on the second day of life and that the most important predictors for developing a PVH were short gestation, high or low blood pressure and severity of respiratory illness, with pneumothoraces being a particularly potent antecedent (17). Follow up showed a correlation between the severity of cerebral lesions and outcomes. Over subsequent years the incidence of PVH fell worldwide, probably as a result of the increasing ability to avoid the recognized precipitating factors. The UCH data was shown to be of prognostic neurodevelopmental utility with most small PVHs leaving few if any sequelae.
The ability to be able to provide prognostic information to parents on the basis of the study results above, along with auditory and visual assessments, was considered by Os to be a major benefit deriving from the objective, non-invasive imaging methods, thereby achieving 'a major aim of neonatal intensive care, namely to provide the maximum chance of survival of potentially normal children but with a minimal risk of salvaging hopelessly disabled ones' (Reynolds, personal records).
As Os had hoped, long-term follow up into adulthood is being achieved in collaboration with Robin Murray at the Institute of Psychiatry and David Gadian at the Institute of Child Health. They have shown localized lesions in the brains of some of the adolescents that correlate with specific cognitive difficulties. Lesions not detectable on ultrasound scans were found in an extensive autopsy study in 1988 by Peter Hope and Steve Gould at UCH (21) . Further studies by David Edwards, carried out after he had left the UCH team, while at the Hammersmith Hospital, have confirmed that some cerebral lesions occurring in the newborn period are not detectable on ultrasound scans.
Brain metabolism and haemodynamics: the development of magnetic resonance and near infrared spectroscopy in studying the newborn Close ties existed between Os and Doug Wilkie (FRS 1971), who had pioneered the use of phosphorous 31 P magnetic resonance spectroscopy (MRS) in studies on frog muscle contraction. A prototype superconducting magnet had become available at Oxford Research Systems in 1980 with a sufficiently large bore to admit a human forearm. It appeared that the technique might be capable of providing important information on cerebral oxidative metabolism and therefore on what might be happening during hypoxic-ischaemic injury in newborn infants. The magnet was of sufficient diameter to accommodate a newborn baby; however, animal studies were needed.
The model chosen was the rabbit, being of similar size to a newborn baby, albeit with a much smaller brain. Signals from the rabbit brain were readily acquired for adenosine triphosphate (ATP), its buffer phosphocreatine (PCr) and inorganic phosphate (Pi). Intracellular pH could be calculated. Curtailing oxygen supply to the brain resulted in the expected fall in [PCr]/[Pi] with [ATP] being initially preserved but eventually falling. Intracellular pH fell to around 6.7. Values returned to almost normal one hour after restoring oxygen supply to the brain (16) .
Under Os's direction, a topical magnetic resonance (TMR) system was installed at UCH and was shared with the muscle group looking at muscular dystrophy-the MD Society joint funded the magnet with the Wellcome Trust. Dave Delpy (FRS 1999) and his colleagues designed a ferromagnetic-free transport system so that infants could be safely moved to the magnet and studied (figure 4). The first study was undertaken on 22 October 1982. A preterm baby had been found to have changes in one hemisphere on ultrasound scans, and severe disruption of oxidative phosphorylation was found in the abnormal-appearing hemisphere, the other hemisphere being normal (figures 5 and 6).
Sequential MRS studies following asphyxia revealed that the spectra were usually normal on day one, but subsequently the [PCr]/[Pi] ratio fell, reaching minimal values on days two to four of age in the worst affected infants. The adenosine triphosphate [ATP] then fell and death ensued. In survivors, spectra returned to normal within two weeks. The most important interpretation of these findings was the explanation that primary energy failure (normal findings on day one) could lead, after a period of apparent recovery, to what was later termed 'secondary energy failure', raising the possibility of introducing effective early treatment before irreversible damage occurred. Follow-up studies in surviving infants showed that the severity of the secondary fall in [PCr]/[Pi] predicted the severity of long-term neurodevelopmental impairment. Several animal models utilizing newborn lambs (19) and, later on, piglets (23) were investigated. Following an acute hypoxic-ischaemic episode, exactly the same changes seen following perinatal asphyxia in the human infant were observed, with the extent in fall in [PCr]/[Pi] ratio being shown to be proportional to the extent of the primary insult. By the early 1990s, strategies for the prevention of secondary energy failure in the newborn piglet were underway. Evidence accruing from other investigators suggested that mild hypothermia was associated with a substantial neuroprotective effect in a range of animal models. Others indicated that the excitatory neurotransmitters, particularly glutamate, were involved in setting off the reactions leading to secondary energy failure (Siezjo & Smith 1991) . Os and the UCH group found that whole-body cooling in the piglets to 35°C for 12 hours commencing immediately following resuscitation led to a major reduction in secondary energy failure and its associated brain cell injury (24) . This discovery has resulted in the worldwide introduction of an effective intervention for birth asphyxiated newborns, therapeutic hypothermia (Gluckman et al. 2005; Azzopardi et al. 2009 ).
In the early 1980s, Os's group began to explore whether the recently introduced technique of near infrared spectroscopy (NIRS) might be a cot-side, non-invasive way of studying oxidative metabolism and haemodynamics in the newborn brain. The technique permitted observations to be made on brain oxyhaemoglobin, de-oxy haemoglobin and oxidized cytochrome oxidase from which a number of other variables could be derived. A group was established in the Department of Medical Physics, under the leadership of Dave Delpy, to build a new instrument for these measurements. The first UCH data included quantitative data on oxy and deoxygenated haemoglobin, total haemoglobin and cytochrome aa3, with values derived for cerebral blood volume, mixed cerebro-venous oxygen saturation and changes in cerebral blood flow (18, 20) .
In 1996, Os co-organized a discussion meeting at the Royal Society entitled 'Nearinfrared spectroscopy and imaging of living systems' and imaging of the newborn brain was highlighted.
(a) (b) Figure 5 . First ever human neonatal brain spectra acquisition. (a) While the baby is lying in the incubator pod in the bore of the magnet, supervised by Peter Hope (standing); (b) Dave Delpy, Ern Cady (physicist, seated) and Doug Wilkie (standing) watch the screen with the 31 P spectrum 'climbing out of the noise' as the signal is averaged. It took 30-40 minutes to get a single spectrum at that time. (Photographs: Os Reynolds' collection). (Online version in colour.)
Teaching and politics
In addition to teaching undergraduates, postgraduates and others, Os lectured widely and served on a number of grant-giving bodies and charities, including the Medical Research Council, the Wellcome Trust, BLISS, Action for Research and Birthright.
Less acknowledged was the impact he made on the organization of country-wide neonatal services for ill babies in England and Wales. He was closely involved with several reports to (1981) . From these reports came the recommendation that every region should have one or two referral units equipped and staffed to provide the best care for mother, foetus and newborn infant. Sub-regional centres at a number of additional large maternity hospitals were also envisaged. It was recommended that all non-designated maternity hospitals should have staff and equipment to provide short-term neonatal intensive care. Increased pressure on neonatal units came in 1979 from the amendment to the Abortion Bill from 28 weeks to 24 weeks. Following receipt of the Short Report, a follow-up enquiry to examine progress was suggested by government and was carried out in 1983. Although survival had increased, the enquiry committee noted that no substantial rise in funding had followed the report and staff were stretched to the limit. Refusal of referrals of babies for intensive care was widespread. Equipment funding was largely from charities, particularly BLISS, and by charities set up by the intensive care units themselves. The committee recommended that increased attention should be paid to humanizing the system by making labour wards more welcoming and by encouraging mothers to have a relative in attendance.
In 1988, a Royal College of Physicians Working Party, of which Os was a member, strongly supported the regionally organized three-tier structure on the bases of cost effectiveness, optimal outcomes, teaching capability and research. These recommendations were addressed by the Social Services Select Committee in 1988 in its response on perinatal, neonatal and infant mortality. The three-tier model was supported. It stated that should a region choose to adopt a different strategy of care, it must demonstrate that its approach provides the best service that is also the most appropriate to local needs and circumstances. The report was published on 13 December 1988 with the regionally based structure finally agreed by government. This situation lasted one month, until the publication in January 1989 of the government White Paper 'Working for patients'. Abolition of regional planning and funding were advocated, with a marketplace free for all competition for the care of all babies. Chaos ensued. I had never known Os so infuriated, considering all the work that had gone into getting regional care established. In so far as UCH was concerned, he was able to achieve local district agreement that outside referral of babies would be regarded as 'extra-contractual', being charged for retrospectively on the basis of a daily assessment of the individual's level of care received.
Os recognized that the loss of regional funding would result in the setting up of small neonatal units around the country with inadequate staffing, training and facilities for delivering optimal intensive care, a cheaper option than referral to a regional centre. Os recommended a system of accreditation or appraisal be introduced that would enable 'purchasers' to be given guidance on which 'provider' to use.
In 1992, the Winterton Report was published by the House of Commons Health Committee on Maternity Services, of which Os was a member. The Minister of Health and the Deputy Chief Medical Officer of England, Dr Diana Walford, considered that audit would guide contracts and stated that the establishment of contracts for perinatal and neonatal intensive care could be left to market forces. Os had previously pointed out that audit was a process particularly unsuited for this purpose.
When reflecting on his time with select committees, Os noted that the members of Parliament that he had got to know, such as Renée Short, usually immersed themselves deeply in the subject in hand and were anxious to come to sensible conclusions. However, the abolition by the Thatcher government of the regional organization of perinatal and neonatal services, after previously accepting the recommendations of the select committee, he felt to be seriously detrimental to care provision, training and research.
Family and personality
Os's family were most important to him, as testified by the numerous family photograph albums on show at their home in Chiswick. Os and Margaret had met as students when she was studying zoology at Bedford College, London. Margaret later had a career as a distinguished physiologist, working mainly at University College London (UCL), where she researched the foetal blood-brain barrier and peripheral nerve injury. They had two sons: Mark, who qualified as a doctor and was also captain of fencing at St Paul's, was awarded the MBE for services to general practice and Matthew, a literary academic and writer, is currently professor of English and Comparative Criticism at University of Oxford. Os often regaled visitors with the latest news of his two children's achievements, of which he and Margaret were extremely proud. Similarly, years later he would tell of his grandchildren's progress and their individual aptitudes. He and Margaret were most generous entertainers. Their home was where Os's collection of Staffordshire pottery was displayed along with pictures by contemporary artists of whom they were fond. Another major interest was music; the Reynolds were frequent attenders of recitals at the Wigmore Hall or at the Crucible in Sheffield to hear the Lindsays, whom they had got to know on a personal basis, and at Glyndebourne, where the wine flowed freely. Many had found Os to be an inspirational person to be around and most entertaining company, as reflected in figure 7 . Some additional reminiscences from his colleagues and friends can be found as online supplementary material.
Their bolt hole from all their commitments was a cottage in Ginge, Oxfordshire, close to the Ridgeway, where they often went for walks along to the hill fort at Segsbury; particularly memorable was Os's ability to identify the many species of butterfly there.
Os was a most generous person, dedicated to his clinical work and research and to achieving the greater good through his public service. During his career, he was supported devotedly by Margaret. His contributions were recognized in his CBE award in the Queen's New Year's Honours list of 1995 and in him being elected to become a Fellow of the Royal Society.
Honours, awards and appointments [1970] [1971] [1972] [1973] Honorary Research Fellow, Department of Physiology, University College London on the neonatal unit. He was chairman of the Thames Regional Perinatal Group supervising the introduction of the appraisal process of neonatal units in the Thames regions and chaired the local Research Ethics Committee.
